Abstract. The finite-size and surface roughness effects on the magnetization of NiO nanoparticles is investigated.
Introduction
Antiferromagnetic nanoparticles have been receiving a refreshed research attention over the last few years, as they are better candidates for exhibiting the magnetization reversal by quantum tunneling [1] , due to their small magnetic moment as compared to the ferromagnetic nanoparticles. The magnetic properties of nanoparticles are dominated by finite-size effects, and the surface anomalies such as surface anisotropy and roughness [2, 3, 4] . As the particle size decreases, the fraction of the spins lying on the surface of a nanoparticle increases, thus, making the surface play an important role. The reduced coordination of the surface spins causes a symmetry lowering locally, and leads to a surface anisotropy, that starts dominating as the particle size decreases. Thus, an enhancement of surface and interface effects make the antiferromagnetic nanoparticles an interesting area of research. [2, 3, 4, 5] NiO (Nickel Oxide) has been considered as a prototype for antiferromagnetism, as it is one of the first few materials in which antiferromagnetism was studied [6] . One of the first serious concerns with NiO nanoparticle was, evidenced from the experimental study of Richardson and Milligan [7] , that NiO nanoparticles show a large magnetic moment as the size becomes smaller than 100nm, apart from anomalous behavior of the magnetic susceptibility. It was also found that the exchange coupling between the surface spins and the antiferromagnetic core spins causes an exchange bias phenomenon in these finite-sized particles. This phenomenon is responsible for the shifted hysteresis loop after field cooling, observed in NiO nanoparticles [3] . This interface effect is very much size dependent. A large loop shift ( > 10KOe) has been reported for the intermediate sized particles (22nm − 31nm) [3, 4, 8] . Also, large coercivities at low temperature for this range of sizes has been reported by the same authors. Kodama et al [4] used the Stoner Wohalfarth model to explain the simultaneous existence of a large coercivity and a loop shift at low temperatures in NiO nanoparticles. Here, the major hysteresis loops are symmetric due to the inversion symmetry of magnetocrystalline anisotropy, but if the applied field is not sufficient enough to reverse the direction of spin moments, a shifted loop without hysteresis could result. Thus the two phenomena, large coercivity and loop shift, can simultaneously exist, if the distribution of reversal field is broad (both greater than and less than the maximum applied field).
Winkler et al [5] reported that for 3nm particles the magnetization curves are reversible above T ∼ 170K, but a hysteresis behavior is observed below 170K. According to their observation, a large surface anisotropy is responsible for the anomalies in the shape of the hysteresis loop at low temperatures. They found that with a decrease in the temperature, a progressive blocking of the core particle moments starts off, and it is followed by a growth of spin clusters at the particle's surface below 40K, and finally their collective freezing in a cluster glass-like state at 15K.
The net magnetic moment of antiferromagnetic nanoparticles has been a subject of research interest from a long time. Neel in 1961 suggested [9] that fine particles of antiferromagnetic materials exhibit weak ferromagnetism and superparamagnetism. He argued that the permanent magnetic moment in these antiferromagnetic fine particles is due to incomplete magnetic compensation between the atoms on the two sublattices A and B, which are identical in every respect, except that the atomic moments in B sublattice are antiparallel to that in A sublattice. Neel considered three general cases as shown in Ref. [10] . If the uncompensation of spins occurs randomly in a particle, then the number of uncompensated spins p will vary as p ∼ n 1 2 , where n is the number of spins. If the spins are arranged in such a way that the ordered structure consists of odd number of ferromagnetic planes of A and B atoms, then p ∼ n 2 3 . Finally, if each plane consists of equal numbers of A and B atoms and the structure consists of incomplete top and bottom planes, then we would have p ∼ n 1 3 . Richardson et al [10] showed that p ∼ n 1 3 from the size dependence of susceptibility in NiO nanoparticles. Thus, according to the Neel's model, the magnetic moment µ for NiO nanoparticles varies as µ ∼ n 1 3 µ N i 2+ . Weak ferromagnetism was later confirmed by experiments [11] on fine particles of NiO. For extremely fine particles they reported the behavior to be superparamagnetic. Recently, Tiwari et al [12] argued that the Nio naonparticles do not show a superparamagnetic behaviour, but they behave like a spin glass, which is attributed to a surface spin disorder. Some authors attributed the large magnetic moment in NiO nanoparticle to nonstoichiometry, an existence of small superparamagnetic metallic nickel clusters in NiO particle or the presence of N i 3+ ions within the NiO lattice [13] . However Richardson et al [10] confirmed that the presence of N i 3+ in NiO do not contribute significantly to the magnetic moment of NiO nanoparticles.
The magnetic moment per particle for NiO has been investigated experimentally by Kodama et al [3] . From extrapolation of 5K magnetization curves from a large magnetic field to zero field, they found 700 µ B per particle for particles of size 15nm, while the Neel's two-sublattice model [10] predicts a magnetic moment of about 80 µ B . For the particles of size 3nm, Winkler et al [5] experimentally found the magnetic moment per particle to be 500 µ B , whereas for this particle size, the Neel's model predicts a magnetic moment of 20 µ B . This discrepancy, between the magnetic moments experimentally observed and those predicted by the Neel's two-sublattice model, can be attributed to the finite-size effect and the surface roughness. Kodama et al [3] have shown from numerical modeling that a reduced symmetry on the surface of the nanoparticle actually causes a fundamental change in the magnetic order which results in a multi-sublattice structure.
In this paper, we discuss the bulk magnetic structure of NiO, followed by a discussion on the finite-size effect in the magnetization of NiO nanoparticles. We will discuss the size-dependent oscillatory magnetization fluctuations of the Neel state, and the surface roughness effect in detail.
Bulk Magnetic Structure
The crystal structure of bulk NiO has been comprehensively investigated in the literature using x-ray diffraction method [14, 15] . The crystal structure of NiO has been found to be Face Centered Cubic (fcc), with a Neel temperature of 523K. Each Ni atom has twelve nearest neighbors and six next nearest neighbors. The x-ray diffraction work also confirmed an anisotropic lattice contraction and a rhombohederal distortion from the fcc structure, starting off at the Neel temperature and increasing as the temperature is decreased. Due to a lattice distortion, there is a lattice contraction along 111 directions known as exchange striction. Bartel and Morosin [16] found a small change of 3.5 ′ in the cell angle from π 2 at 297K, which actually increases with a decrease in the temperature, and for T → 0K the deformation is 4.5 ′ . They also determined the lattice parameter to be 4.1758Å at 297K and 4.1705Å at T → 0K. The magnetic structure of NiO has been well established by the work of Shull et al [6] and further by Roth et al [17, 18, 19] . They carried out neutron diffraction study on NiO and identified the magnetic structure to be FCC-II, where the atomic spins are stacked ferromagnetically in (111) plane but aligned antiferromagnetically in 111 directions. The direction of alignment of the spin moments was a subject of controversy, but now it is confirmed to be 112 directions. The magnetic configuration of bulk NiO is shown in Figure 1 , and the closed-packed layers of spins are presented in Figure 2 . The central spin, which is labeled as 1 in Figure 1 lies in the plane labeled as B in Figure2. The six of the twelve nearest neighbors (e.g., spin labeled as 2 in Figure 1 ) of the central spin lie in the same plane (B) while three nearest neighbors each (e.g., spin labeled as 3 in Figure 1 ) lie in the planes A and C, just above and below B. Three of the six next-nearest neighbors (e.g., spin labeled as 4 in Figure 1 ) of the central spin lie in plane A and remaining three lie in plane C. The lattice distortion causes an increase in the nearest-neighbor distance of the spins within the same plane, and a decrease in the nearest-neighbor distance of the spins in different planes. The rhombohederal deformation in the crystal below the Neel temperature is a direct consequence of the magnetic structure of NiO. This is due to the fact that lattice contraction takes place along 111 directions which are perpendicular to ferromagnetic sheets of spins. The distortion in the crystal structure gives rise to magnetic domains [19] . There are four principal T (twin) domain walls corresponding to four equivalent 111 directions, namely 111 , 11 1 , 111 and 1 11 . These T domains are formed by twinning planes which separate the regions with different contraction axes. Three other types of domain walls called S (Spin rotation ) domain walls are formed due to the three equivalent spin directions 112 in a ferromagnetic sheet. These walls separate the regions of the crystal in which there is no change in contraction axes but merely a rotation of the spin direction within the ferromagnetic sheet.
Due to the superexchange phenomenon, the next-nearest neighbor interaction is dominant in NiO. The neutron diffraction studies by Hutchings et al [20] 
Finite-Size Effects
In the present study, we will focus on the finite-size effects in magnetization in NiO nanoparticles. The crystal structure of NiO nanoparticles is the same as that of bulk NiO, except that the unit cell is slightly enlarged. The stretching of the unit cell due to an exchange striction in nanoparticles is hard to measure. Behl et al [21] reported that the exchange striction is not significantly larger than the bulk value. On applying a high pressure on bulk NiO [22] , there is a reduction of the lattice parameter and an increase in the next-nearest neighbor interaction strength. The finite-size effect in NiO causes an increment in unit cell size. Thus, the extrapolation of the data from Mita et al leads to a reduction in J 2 by about 5% [21] . Also, the missing exchange bonds on the surface cause a further decrease in the effective exchange energy. The size effect also causes a lowering of the Neel temperature from the bulk value. Klausen et al [23] reported, for disc-shaped NiO particles with an average diameter of about 12nm and a thickness of about 2nm, a Neel temperature of T N =460 K, which is much less than the bulk Neel temperature of 523 K. In this study, we consider a spherical geometry for NiO nanoparticle. The sphere consists of circles stacked with decreasing radius on both sides of the equatorial great circle as shown in Figure 3 . These circles are circular cross-sections of (111) planes of NiO. The lattice sites in these circular planes are arranged in a triangular lattice structure. We show a part of a (111) plane of NiO in Figure 4 , where a circle centered at one of the lattice points is also drawn. We will first find the behavior of the fluctuation in the number of lattice sites in one such circular section of (111) plane, then we will examine a spherical particle made up of these circular planes.
The separation between two neighboring planes is 2 3 a, where a is the triangular lattice parameter which is related to the cubic lattice parameter a 0 as
The triangular lattice can be generated by the primitive vectors (using the cartesian unit vectorsî andĵ ),
The position vector of a lattice point within the triangular lattice plane, labeled by integers m and n, is given by
Let n(R) be the number of lattice points within a circle of radius R, whose center is at the origin. We have
For large R, we have the bulk behavior given by, the number of points being proportional to the area of the circle in the bulk limit. However, for a given size R, the actual number of points inside could be more or less, implying a finite-size fluctuation correction. The fluctuation in the number of lattice sites n f luc (R) due to the finite-size effect can be obtained from
We will see below that the second term in the above has a behaviour, n f luc ∼ √ R, rather than a linear dependence. This term is responsible for fluctuations in the number of points inside the circle. From Figure 4 , it can be seen that fluctuations arise from the points lying near the perimeter of the circle, some of the lattice points lying just inside the perimeter and some just outside. A random-walk argument would imply that the fluctuation amplitude is proportional to the square root of the number of points near the boundary, implying that the fluctuations grow as √ R. This is borne out by the calculation below.
Using the Poission sum formula [24] in equation (4), we have
Let us define the reciprocal lattice vector g pq , where p and q are integers, as
Noting that g pq . r mn = 2π(mp + nq),
we can transform equation (7) to After evaluating the Fourier transform in the above equation, we have
Since the Bessel function has non-monotonic and oscillatory behavior, the total number of spins n(R) oscillates with the particle size R, and the wavelength of oscillations goes as 1/g. The g = 0 term in the above equation gives the smooth (bulk) behavior of the total number of spins, while the terms with g = 0 represent oscillatory finite-size fluctuations. Larger g values correspond to oscillations over a shorter length scale. Also, as argued below, it can be seen that terms with larger g value have a smaller amplitude, indicating that we can get a good approximation to the number of spins by retaining a few terms in the above sum. The fluctuation in the number of triangular-lattice points lying inside a circle of radius R is given by,
The asymptotic behavior of the Bessel function J 1 (x) is given by
cos(x − 3π/4) for large x. Thus n f luc shows a non-monotonic oscillatory behavior with the particle size. Now, the amplitude of the fluctuation from a term with a large g value in equation (12) varies as R 1/2 /g 3/2 . This indicates that terms with large g values do not contribute significantly to the fluctuation n f luc (R). Thus, the amplitude of the fluctuations in the number of spins within a circle of radius R varies as,
A B C Figure 6 . (Color online) Three successive layers in FCC lattice of NiO are shown, the points A, B, C represent the lattice points in the planes A, B, C. These points are distinguished by a shift of their positions from the origin. If the lattice point A is taken to be the origin, then the projection of the point B (or C) onto the plane A will be at the centroid of an equilateral triangle whose vertices are the lattice points of plane A.
agreeing with the inference from a random-walk argument presented earlier. In contrast, the bulk contribution is quadratic as given in equation (5), n bulk ∼ R 2 .
To show how well a truncated sum compares with the exact n f luc (R), we have plotted the fluctuation from equation (12) using terms only up to g = 100 as a function of R in Figure 5 along with the exact numerical counting using equation(4) and equation (6) . A spherical NiO nanoparticle consists of circular planes stacked above each other in a sequence A − B − C − A − B − C · · · as shown in Figure 3 , where these A, B, C circular planes are distinguished from each other by a shift of their centers from the origin. In Figure 6 , we denote A, B, C as the lattice points in the successive planes A, B, C. If we consider the lattice point A to be at the origin, then the projection of the point B (or C) onto the plane A will be at the centroid of an equilateral triangle whose vertices are the lattice points of plane A. Thus, we can write the position of the centers of each A, B, C circular plane as,
Let us consider R l be the radius of the l th circle from the equatorial circular plane. Since the spacing between the two successive circular planes in NiO nanoparticle is 
we can write,
Also, l max = R √ 3/a 0 is the number of planes on each sides of the equatorial circular plane. Thus there will be 2l max + 1 number of planes in the NiO nanoparticle. For example in r mnl = r mn + lδk.
(18) Figure 3 , we have drawn a sphere of diameter 1.6nm, which consists of 5 planes. We can write the three-dimensional position vector of the lattice sites in l th plane (using the cartesian unit vectorsî,ĵ,k and equation (3)), as The total number of lattice sites within a sphere of radius R will be given as,
If N A , N B and N C are the total number of lattice sites within a sphere of radius R, counting from the planes of type A, B and C respectively, then we can write
where,
and r A , r B and r C are given by equation (15) . We can transform the above equation for N B (R), analogously as we have gone from equation (4) to equation (7), as
We define a three-dimensional reciprocal lattice vector, now labeled by three integers p, q and w, as
and considering the fact that
we transform equation (22) to
where R B = r B + δk. Now, evaluating the Fourier transform in the above equation, we have
Similarly, we can find N A or N C by just replacing R B by R A or R C ,
Thus, the total number of spins can be written as
Again, due to the oscillatory behavior of the Bessel function, N sph (R) varies nonmonotonically with the particle size R, and the wavelength of oscillations goes as 1/G. Thus, the longest wavelength mode G = 0 in the above gives the smooth contribution as From equation (28), and the asymptotic behavior of the spherical bessel function, j 1 (x) ∼ 1/x, we can see that the amplitude of oscillatory fluctuations varies as,
Hence the next to leading order term in the number of spins within a sphere goes as R rather than R 2 , which we could have expected from a random-walk argument, viz. the amplitude of the fluctuations is proportional to the sqare root of the the number of points on the boundary, here the spherical surface. The amplitude of fluctuation varies with G as 1/G 2 . Thus larger G values gave smaller contribution to the amplitude of fluctuation. Hence, we can get a good approximation to the total number of spins by retaining only few terms in the sum in equation (28). In Figure 7 , we have plotted the fluctuation in the number of spins as obtained from equation (30) for the terms up to | G| = 400 along with that obtained from the exact numerical counting of spins.
Magnetization fluctuations of the Neel state
The bulk two-sublattice Neel magnetic structure of NiO requires us to assign all the spins in a circular plane of the NiO nanoparticle to be either +1 or -1. Thus we assign the circular planes to be +1 and -1 alternately, corresponding to ferromagnetic sheets of spins with alternating polarization stacked along ¡111¿ direction in the FCC lattice. Since, we have three different types of circular planes, and the circular planes are stacked as A − B − C − A − B − C · · · as shown in Figure 3 , all the spins in each of A (or B or C) type of planes will have +1 or -1 value depending on the location of the plane along the stacking direction. The total magnetic moment M sph (R) of NiO spherical particles of size R can be found by summing the magnetic moment of all the circular planes. Following Hutchings et al [20] , we assume that each N i 2+ spin has a magnetic moment of 2µ B . Thus, we can write the total magnetic moment for the spherical particle as
Applying the Poisson sum formula and proceeding analogously as we did from equation (22) 
where
3δ w. After evaluating the Fourier transform in equation (34), we obtain
Similarly we can evaluate M A (R) and M C (R). Thus the total magnetic moment is given as
The total magnetic moment M sph displays oscillations as a function of the particle size, and the wavelength of oscillations goes as 1/ G 2 + 3π 2 + 2 √ 3πG z 1 2 . Unlike N sph , which had a smooth part ( G = 0) and oscillatory terms ( G = 0) (see equation (28)), all the terms in the above equation for the total magnetic moment display oscillations. In fact, all the terms have a similar asymptotic behavior. Using the asymptotic behaviour of the bessel function, the amplitude of the fluctuations in M sph can be shown to vary as,
The contribution from the longest wavelength mode G = 0 to the magnetic moment can be written as
The terms with ( G = 0) represent the fluctuations in the total magnetic moment on a shorter length scale. The magnetization is defined as the magnetic moment per unit volume. Thus, for an NiO nanoparticle whose magnetic moment is given by equation (36), the magnetization m sph can be obtained from
This implies that the magnetization is inversely proportional to the square of the particle size R.
The magnetic moment, as obtained from equation (36) for the terms up to | G| = 400 and as obtained from exact numerical counting is plotted with particle size in Figure 8 . We can see from the figure that the net magnetic moment is not as large as seen from experiments. For example, for the particles of diameter 3nm, we find the magnetic moment to be 26µ B , which is too small compared to 500µ B reported from experimental investigation by Winkler et al. [5] . Also, for the particles of diameter 15nm, we find the magnetic moment to be 112µ B , whereas Kodama et al [3] reported 700µ B from experimental investigation. Thus, the magnetization fluctuation study on Neel states reveals that the fluctuation is not the only cause for the large magnetic moment in NiO nanoparticles.
Surface roughness effect
The surface roughness effect is considered to be the dominant cause for the large magnetic moment in the NiO nanoparticle. [2, 4, 5, 25] The breakdown of the dominant next-nearest neighbor antiferromagnetic interaction on the surface of the nanoparticle leads to uncompensated spins. These uncompensated spins play a vital role in determining the magnetic behavior of NiO nanoparticles. Due to surface roughness, these uncompensated surface spins can be more easily deviated from the antiferromagnetic alignment by a small magnetic field. We consider the surface of the sphere to be rough, and assume that the roughness causes the spins inside a shell of thickness ∆ to be aligned and thus enhancing the net magnetic moment. In this scenario, the core spins within a sphere of size R − ∆ have the bulk antiferromagnetic structure, carrying a magnetic moment of order R, as we calculated earlier. The spins within a shell of size ∆ are all polarized, carrying a magnetic moment of order R 2 . For a nanoparticle of radius R, we can write the total magnetic moment M total (R, ∆) as
In the above, the first term is due to the core Neel-state magnetic moment, and the other terms represent the surface roughness effect. Here, the core spins within a R ∆ Figure 9 . (Color online) A spherical NiO nanoparticle of radius R with surface roughness shell of thickness ∆. The highlighted lattice points inside the thickness ∆ are aligned.
sphere of radius R − ∆ have the bulk magnetic structure. The spins within the shell of thickness ∆ are aligned, each spin contributing a magnetic moment of 2µ B . Since M sph in the above equation goes as R while surface roughness terms as a whole is proportional to R 2 ( due to the surface area of the shell), the total magnetic moment has a leading term going as R 2 , if the shell thickness is independent of the size. The magnetization, from equation (39), will vary as 1/R. The net magnetic moment depends on the thickness of the surface roughness shell ∆, almost a linear dependence though oscillatory. The Experiments by Tiwari et al [12, 26] for particles of sizes 5.1nm, 6.2nm and 8.5nm at 10K yield a net magnetic moment of 380µ B , 440µ B and 700µ B respectively. We include these experimental results to find the thickness of surface roughness shell ∆. In Figure 10 , we have plotted the total magnetic moment for a nanoparticle of diameter 5.1nm with the thickness of the shell ∆. We find that for ∆/a 0 = 0.12, the magnetic moment is matching with the experimental value (384µ B ). But if we use the same ∆ to find the magnetic moment for the 8.3nm particle size, the result is 1100µ B , which is large compared to the experimental value 700µ B . Thus, we can conclude that the thickness of the shell depends on the size of the particle. If we consider the thickness of the surface roughness shell to vary with particle size as
we find that the values of the total magnetic moment are very close to experimental values (e.g. for 6.2nm particle size, we get total magnetic moment 412µ B , and for 8.3nm size 802µ B ).
Using the above functional dependence of ∆ on R in equation (40), we can calculate the leading term in the net magnetic moment per spin for a particle of size R to be 6µ B ∆/R, with an oscillating next to leading term with an amplitude of O(1/R 2 ). Thus we have, In Figure 11 we have plotted the magnetic moment per spin without the surface roughness into account, along with the magnetic moment per spin with the surface roughness included. In both the cases the magnetic moment displays size-dependent oscillatory fluctuations. The net magnetic moment values after including the surface roughness ∆ (given by equation (41)) along with the fluctuations in core magnetic moment, match well with the experimental values for the corresponding sizes.
Conclusions
We have investigated the finite-size and surface roughness effects in NiO nanoparticles. We have found that the net magnetic moment due to finite-size fluctuations is nonmonotonic, oscillatory and proportional to the particle size R, hence magnetization goes as 1/R 2 . The experimental magnetic moments for various sizes are quite large compared to the magnetic moments that arise as a finite-size fluctuation. Due to roughness of the surface, and other structural disorders, the uncompensated surface spins can be more easily deviated from the antiferromagnetic alignment by a magnetic field. We incorporate the surface roughness by an alignment of the spins within a surface roughness shell of thickness ∆, and thus enhancing the net magnetic moment. We find that the shell thickness depends on the size as ∆ ∼ 1/ √ R. The magnetic moment due to the inclusion of surface roughness is found to be proportional to R 3/2 , which implies that the net magnetization is proportional to R −3/2 . The surface roughness, along with the size-dependent fluctuations in the core magnetization produces a magnetic moment for the NiO nanoparticles which is close to observed experimental value. 
